NASA/TP-1999-209697 



Concept Development of a Mach 1.6 
High-Speed Civil Transport 

Elzvood W. Shields 

Lockheed Engineering & Sciences Company ; Hampton , Virginia 
James W. Fenbert 

Langley Research Center ; Hampton, Virginia 

Lori P. Ozoroski and Karl A. Geiselhart 

Lockheed Engineering & Sciences Company, Hamton, Virginia 



The NASA STI Program Office ... in Profile 


Since its founding, NASA has been dedicated 
to the advancement of aeronautics and space 
science. The NASA Scientific and Technical 
Information (STI) Program Office plays a key 
part in helping NASA maintain this 
important role. 

The NASA STI Program Office is operated by 
Langley Research Center, the lead center for 
NASA's scientific and technical information. 
The NASA STI Program Office provides 
access to the NASA STI Database, the 
largest collection of aeronautical and space 
science STI in the world. The Program Office 
is also NASA's institutional mechanism for 
disseminating the results of its research and 
development activities. These results are 
published by NASA in the NASA STI Report 
Series, which includes the following report 
types: 

• TECHNICAL PUBLICATION. Reports of 
completed research or a major significant 
phase of research that present the results 
of NASA programs and include extensive 
data or theoretical analysis. Includes 
compilations of significant scientific and 
technical data and information deemed 

to be of continuing reference value. NASA 
counterpart of peer-reviewed formal 
professional papers, but having less 
stringent limitations on manuscript 
length and extent of graphic 
presentations. 

• TECHNICAL MEMORANDUM. 

Scientific and technical findings that are 
preliminary or of specialized interest, 
e.g., quick release reports, working 
papers, and bibliographies that contain 
minimal annotation. Does not contain 
extensive analysis. 

• CONTRACTOR REPORT. Scientific and 
technical findings by NASA-sponsored 
contractors and grantees. 


• CONFERENCE PUBLICATION. 

Collected papers from scientific and 
technical conferences, symposia, 
seminars, or other meetings sponsored or 
co-sponsored by NASA. 

• SPECIAL PUBLICATION. Scientific, 
technical, or historical information from 
NASA programs, projects, and missions, 
often concerned with subjects having 
substantial public interest. 

• TECHNICAL TRANSLATION. English- 
language translations of foreign scientific 
and technical material pertinent to 
NASA's mission. 

Specialized services that complement the 
STI Program Office's diverse offerings include 
creating custom thesauri, building customized 
databases, organizing and publishing 
research results . . . even providing videos. 

For more information about the NASA STI 
Program Office, see the following: 

• Access the NASA STI Program Home 
Page at http://www.sti.nasa.gov 

• Email your question via the Internet to 
help@sti.nasa.gov 

• Fax your question to the NASA STI 
Help Desk at (301) 621-0134 

• Telephone the NASA STI Help Desk at 
(301) 621-0390 

• Write to: 

NASA STI Help Desk 

NASA Center for AeroSpace Information 

7121 Standard Drive 

Hanover, MD 21076-1320 



NASA/TP-1999-209697 



Concept Development of a Mach 1.6 
High-Speed Civil Transport 

Elzvood W. Shields 

Lockheed Engineering & Sciences Company, Hampton, Virginia 
James W. Fenbert 

Langley Research Center, Hampton, Virginia 

Lori R Ozoroski and Karl A. Geiselhart 

Lockheed Engineering & Sciences Company, Hamton, Virginia 


National Aeronautics and 
Space Administration 

Langley Research Center 
Hampton, Virginia 23681-2199 


December 1999 



Available from: 


NASA Center for AeroSpace Information (CASI) 
7121 Standard Drive 
Hanover, MD 21076-1320 
(301) 621-0390 


National Technical Information Service (NTIS) 
5285 Port Royal Road 
Springfield, VA 22161-2171 
(703) 605-6000 



Abstract 


A high-speed civil transport configuration with a Mach number of 1.6 was devel- 
oped as part of the NASA High-Speed Research Program to serve as a baseline for 
assessing advanced technologies required for an aircraft with a service entry date 
of 2005, This configuration offered more favorable solutions to environmental con- 
cerns than configurations with higher Mach numbers . The Mach 1.6 configuration 
was designed for a 6500 n.mi. mission with a 250-passenger payload. The baseline 
configuration has a wing area of 8732 ft 2 , a takeoff gross weight of 591570 lb, and 
four 41 OOO-lb advanced turbine bypass engines defined by NASA. These engines have 
axisymmetric mixer-ejector nozzles that are assumed to yield 20 dB of noise suppres- 
sion during takeoff ' which is assumed to satisfy the FAR Stage III noise requirements. 
Any substantial reduction in this assumed level of suppression would require over- 
sizing the engines to meet community noise regulations and would sever ly impact the 
gross weight of the aircraft at takeoff. These engines yield a ratio of takeoff thrust to 
weight of 0.277 and a takeoff wing loading of 67.8 Iblfr that results in a rotation 
speed of 169 knots. The approach velocity of the sized configuration at the end of the 
mission is 131 knots. The baseline configuration was resized with an engine having a 
projected life of 9000 hr for hot rotating parts and 18000 hr for the rest of the engine, 
as required for commercial use on an aircraft with a service entry date of 2005. 
Results show an increase in vehicle takeoff gross weight of approximately 58700 lb. 
This report presents the details of the configuration development , mass properties , 
aerodynamic design, propulsion system and integration, mission performance, and 
sizing. 


Introduction 

In support of the NASA High-Speed Research 
(HSR) Program, high-speed civil transport (HSCT) base- 
line configurations are being developed with Mach num- 
bers of 1.6 to 2.4. The Mach 1.6 configuration presented 
herein is being studied primarily as a possible solution to 
environmental concerns. The lower Mach number would 
allow the configuration to cruise at lower altitudes where 
the effects of engine emissions on the ozone layer are 
projected to be smaller. Methods for alleviation of the 
sonic boom may also be more readily solved at this Mach 
number. The Mach 1 .6 configuration should also require 
the least time for development and testing, which would 
make the service entry date earlier than the higher Mach 
number configurations. Mach 2.4 is presently considered 
the upper limit for the cruise Mach number of the HSCT. 
This limit results from the long lead times required for 
developing and testing of high-temperature materials not 
only for the airframe structure but also for the engine 
materials that were necessary to ensure long-term 
reliability. 

To develop a family of HSCT configurations, certain 
guidelines were established at the beginning of the 
design process. Unlike the highly blended wing-body 
configurations studied earlier in the HSR Program 
(ref. 1), these designs were developed with relatively 


simple wing planforms and without extensive wing-body 
blending so that parametric studies that require sizing the 
vehicle can be more readily accomplished. Engine 
nacelles were to be axisymmetric, single engine, under- 
wing pods. The approach was to design a tailless config- 
uration for low weight and high aerodynamic efficiency 
at cruise speeds. The technology level selected was 
intended to reflect a service entry date of 2005. This level 
of technology was represented in the assumptions of 
advanced flight controls, engine performance character- 
istics, and reduced aircraft structural and systems 
weights. 

The design mission was for a distance of 6500 n.mi. 
with an all-supersonic cruise and a passenger load of 
approximately 250. The vehicle was required to be able 
to operate out of today’s major airports. This requirement 
resulted in a maximum takeoff and landing field length 
of 11000 ft and a maximum final approach speed of 
160 knots while maintaining standard fuel reserves. 
Although Federal Aviation Regulations presently require 
that flaps be at fixed deflections during takeoff and land- 
ing, by the year 2005, this requirement will be technolog- 
ically obsolete. Thus, leading- and trailing-edge devices 
were allowed to vary for optimum performance. The 
configuration was optimized for the minimum takeoff 
gross weight required to meet the design mission. 



Symbols 


C D 

drag coefficient, D/qS 

C L 

lift coefficient, L/qS 

C 

mean aerodynamic chord, ft 

D 

drag, lb 

GW 

gross weight, lb 

h 

altitude, ft 

l 

length, ft 

L 

lift, lb 

M 

Mach number 

<7 

dynamic pressure, lb/ft 2 

S 

reference area, ft 2 

SFC 

specific fuel consumption, 

hr 

TOFL 

takeoff field length, ft 

TOGW 

takeoff gross weight, lb 

T/W 

thru$t-to-weight ratio 

V 

velocity, knots 

w 

weight, lb 

X 

longitudinal coordinate 

X cg 

center of gravity, in. 

y 

spanwise coordinate 

Subscripts: 

app 

approach 

/ 

friction 

I 

inboard 

i 

induced 

LEI 

leading-edge inboard 

LEO 

leading-edge outboard 

O 

outboard 

o 

zero lift 

r 

roughness 

ref 

reference 

TEI 

trailing-edge inboard 

TEO 

trailing-edge outboard 

w 

wave 

Abbreviations: 

a.c. 

aerodynamic center 

B 

body 

c -g. 

center of gravity 

F 

fin 

FAR 

Federal Aviation Regulations 


FLOPS Flight Optimization System 

HSCT high-speed civil transport 

HSR High-Speed Research 

LE leading edge 

N nacelles 

TBE turbine bypass engine 

TDF time, distance, and fuel 

TE trailing edge 

W wing 

Configuration Development 

A three-view sketch of the Mach 1 .6 configuration is 
shown in figure 1 . The wing planform was developed to 
attain good supersonic cruise performance while still 
maintaining adequate low-speed characteristics. The 
selected wing planform is shown in figure 2. Parametric 
studies conducted during the Mach 2.4 baseline configu- 
ration development (ref 2) were used as guidelines in the 
development of the Mach 1.6 planform. These studies 
showed that a reduction in inboard leading-edge sweep 
leads to a significant performance penalty in the form of 
increased wave drag or a severe fuselage indentation to 
minimize wave drag. At a cruise Mach number of 1.6, 
this trend is more pronounced than at higher cruise Mach 
numbers because of the reduced Mach angle. Therefore, 
to minimize the wave-drag penalty, a relatively high 
inboard leading-edge sweep of 71.75° was selected. 
This leading-edge sweep also yields a low subsonic 
Mach number (M = 0.5) normal to the inboard leading 
edge during the cruise segment of the mission, helps 
maintain an adequate lifting length, and allows for a 
fuselage volume distribution that is adequate for the 
required number of passengers. The outboard panel size 
and leading-edge sweep were selected to minimize 
induced drag while maintaining adequate low-speed per- 
formance with a minimum effect on supersonic cruise 
performance. 

Leading-edge flaps that are 15 percent chord are 
used on the outboard panel, and trailing-edge flaps that 
are 25 percent chord are used across the outboard panel 
on the trailing edge and then held at that constant chord 
length from there inboard. The low Mach number normal 
to the leading edge and the large leading-edge radii of the 
inboard panel result in an insensitivity to leading-edge 
camber that results in effective subsonic performance 
without leading-edge devices. This large radii also con- 
tributes to a lower overall wing weight and leaves more 
wing volume for fuel. 

Figure 3 shows the interior layout of the fuselage. 
The configuration uses synthetic vision in the cockpit, 
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which will be able to display both television views from 
more than one location on the aircraft and use radar and 
infrared displays for enhanced safety at night and in 
inclement weather. Ground-handling visibility should 
also be improved because of the multiple camera loca- 
tions. The main cabin has 250 passenger seats in rows of 
four or five abreast at 34 in. pitch with a single aisle. 
Two main entrances are provided on each side, one for- 
ward and one aft just ahead of the galley and aft lavato- 
ries. There are six lavatories, two forward and four aft. 
The configuration has two galleys with one located adja- 
cent to the front entrance and one located behind the aft 
entrance. Eight emergency exits are provided, four along 
each side between the forward and aft entrance doors. 
The present configuration has no windows to reduce 
weight and simplify interior environmental control. Exte- 
rior visibility is provided with flat panel television 
screens in the seatbacks. These screens can also be used 
for entertainment or for providing information about con- 
necting flights and arrival times. 

The engines are installed in four separate axisym- 
metric nacelles located on the aft underside of the wing. 
Their locations are constrained partly by the rear wing 
spars; however, locating the engines here takes advan- 
tage of favorable interference with the wing to reduce 
drag. Separate nacelles also reduce the effect that an 
engine unstart could have on other engines and is a safety 
factor in case of a catastrophic engine failure. Details of 
the propulsion system are discussed in a subsequent 
section. 

The main landing gear, a two-post arrangement with 
six wheels per post, is located 166 ft from the nose and 
retracts into the fuselage below the passenger compart- 
ment. The nose gear is located 50 ft from the nose and 
retracts forward into the fuselage. The landing-gear sys- 
tem uses radial tires and carbon brakes for low weight. 

Fuel is carried in 26 tanks in the wing and in 2 tanks 
in the fuselage. One fuselage tank is located in the aft 
portion of the fuselage behind the aft galley and is used 
primarily for center-of-gravity control. The other fuse- 
lage tank is located under the most forward portion of the 
cabin. 

The planform of the vertical tail is shown in figure 1. 
The leading edge of the root airfoil is located 260 ft aft 
and 7.25 ft above the nose of the configuration. The air- 
foil is symmetrical with a maximum thickness-to-chord 
ratio of 2.5 percent at the 50-percent-chord station along 
the entire semispan. A detailed tail sizing was not per- 
formed for this configuration; however, a first-order 
analysis showed that the tail volume coefficient of 0.024 
for the all-moving vertical tail would be adequate for one 
engine out at takeoff. 


Table 1. Technology Assessment Weight 
Factors for Year 2005 


Component 

Weight factor 

Wing 3 

0.70 

Vertical 

.80 

Fuselage 

.82 

Nose gear 

.85 

Main gear 

.75 

Surface controls 

.75 

Hydraulics 15 

.03 

Instruments 0 

.70 

Electrical 

.95 

Avionics 0 

.70 

Furnishings 

.85 

Air conditioning* 5 

.65 

Anti-icing b 

1.12 

Auxiliary power b 

.81 


a Composite$ and aeroelastic tailoring. 
’Tly-by-light and power-by-wire systems. 
c Advanced cockpit technologies. 


Mass Properties 

The aircraft weights were calculated with an updated 
version of the Flight Optimization System (FLOPS) dis- 
cussed in reference 2. The FLOPS uses empirical and 
semiempirical weight equations derived from current and 
proposed transport aircraft and theoretical structural 
wing weight studies for conventional metal and 
composite-wing structures. Technology factors consis- 
tent with the 2005 service entry date were obtained from 
various discipline experts at NASA Langley. These fac- 
tors were used to modify the weights in FLOPS. (See 
table 1.) Many weight reductions resulted from utiliza- 
tion of advanced materials and construction techniques; 
however, the wing weight factor also used composite 
materials to obtain an additional improvement for the 
aeroelastic tailoring of the wing. The benefits of fly-by- 
light and power-by-wire systems were reflected in the 
weight factors for the controls, electrical, air condition- 
ing, anti-icing, auxiliary power unit, and hydraulics sys- 
tems. The hydraulic system operates at 5000 psi with 
titanium lines and fittings. Advanced cockpit technology, 
including multipurpose displays, was responsible for the 
reductions in instrument and avionics weights. Table 2 
contains the resulting configuration mass and balance 
summary. 

Figure 4 is a center-of-gravity (c.g.) diagram show- 
ing the available bounds of the c.g. travel when moving 
fuel to trim the aircraft. These data are derived from mass 
properties information available from reference 3. The 
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Table 2. Mass and Balance Summary 


Item 

WEEB3BEM 

lb 

/ re f , percent 

-v C g , in 

Structure 

Wing 

1 8.20 

HHEE&sDHIi 

54.5 


Vertical tail 



95.4 


Fuselage 

7.23 

42750 

50.0 

1769.2 

Landing gear 

2.47 

14587 

53.2 

mu 

Total 

18.09 

107007 

53.0 

1875.0 

Propulsion 

Engines/nacelles 

5.37 


69.7 


Miscellaneous systems 

0.14 


63.0 

2229.3 

Fuel system-tanks and plumbing. 

0.76 

4500 

£L5 

2177.6 

Total 

6.27 

37082 

68.6 

2427.5 

Systems and equipment 

Surface controls. 

0.91 

5393 

58.6 


Auxiliary power 

0.19 

1149 

91.5 


Instruments 

0.15 

891 

33.3 

1179.9 

Hydraulics 


3859 

54.4 

1925.1 

Electrical 

0.78 

4635 

36.1 

1278.6 

Avionics 

0.25 


32.4 

1148.1 

Furnishings and equipment 

3.56 

21049 

48.3 

1710.7 

Air conditioning 

0.54 

3178 

54.6 

1931.3 

Anti-icing 


325 

53.3 


Total 


41981 

49.7 

1758.0 

Empty weight 

31.45 

186070 

55.3 

1958.7 

Flight crew and baggage (2) 


450 

16.9 

■Km 

Cabin crew and baggage (7) 

0.19 

1130 

50.0 

1769.2 

Unusable fuel 

0.18 


53.9 

1908.0 

Engine oil 

0.06 

327 

69.7 

2468.0 

Passenger service 

0.69 

4101 

50,0 

1769.2 

Operating empty weight 

32.65 

193136 

55.1 

1951.0 

Passengers (250) 

6.97 



1769.2 

Passenger baggage . 

1.86 


50.0 

1769.2 

Miscellaneous items 

0.43 


50.0 

1769.2 

Zero fuel weight 

41.91 

247931 

54.0 

1910.8 

Mission fuel and reserves 

58.09 

343643 

53.9 

1908.0 

Ramp (gross) weight 

100.00 

591574 

53.9 

1909.2 


takeoff gross weight is also shown along with the main 
landing gear location, zero-fuel weight, operating 
weight, and empty weight locations. 

Aerodynamics Design 

Zero-Lift Drag 

Zero-lift drag is comprised of skin-friction drag, 
form drag, roughness drag, and wave drag. Skin-friction 
drag was calculated with the T' method of Sommer and 
Short (ref. 4). Form drag was calculated with the 
geometry-dependent factors of the method of refer- 


ence 5, and roughness drag was calculated empirically as 
a percentage of skin-friction drag. Zero-lift wave drag 
was optimized with the method of reference 6. Wave- 
drag optimization proved to be particularly difficult at 
Mach L6 as compared with higher Mach numbers. At 
Mach 1.6, the Mach angle is reduced and the resulting 
consequences are a reduction in the “natural smoothing' 1 
and lengthening of the overall area distribution. This 
effect was countered somewhat by keeping the inboard 
wing sweep high to spread wing volume and lift. Still, 
aggressive fuselage contouring was necessary to mini- 
mize wave drag. The engine nacelles also have a more 
pronounced effect on wave drag due to significant area 
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growth from inlet capture to maximum diameter. The 
average-equivalent-body area distribution of the various 
configuration components is shown in figure 5. A 
buildup of the total zero-lift drag is shown as a function 
of Mach number in figure 6 at a representative cruise 
altitude of 50000 ft. Landing-gear drag was estimated 
based on unpublished data for a similar configuration 
that was scaled to match the frontal area of the struts and 
tires. 

Lift-Dependent Drag 

The camber and twist of the configuration were opti- 
mized for supersonic cruise with the modified linearized- 
theory, attached-flow method of reference?, which 
accounts for the effect of leading-edge thrust and vortex 
lift. The supersonic drag polars, lift curves, and static 
longitudinal stability characteristics were then developed 
with the same method. Empirical design guidelines 
(ref. 8) that enhance the ability of this method to design 
camber surfaces and calculate polars that agree better 
with experimental results were applied to the design and 
analysis process. The results were then adjusted for the 
thrust increment caused by the downward nozzle deflec- 
tion of 5° and the turning of the engine flow by the 
nacelle before nozzle entry. Figure 7 shows the super- 
sonic total drag polars at Mach 1.2, 1.4, and 1.6 at a rep- 
resentative cruise altitude of 50000 ft. 

The linearized-theory, attached-flow method of 
reference 9 was used to determine the subsonic polars. 
This method also accounts for the effects of leading-edge 
thrust and vortex forces. The subsonic drag polars were 
modified to account for the effect of a downward nozzle 
deflection of 5° as well as supercirculation induced on 
the wing by the deflected thrust (ref. 10) and internal 
flow turning. Figure 8 shows the subsonic total drag 
polars at Mach 0.6, 0.8, and 0.9 at a representative sub- 
sonic cruise altitude of 30000 ft. Transonic polars were 
developed with an empirical method in conjunction with 
the previously developed supersonic and subsonic polars. 

Takeoff and landing polars were developed with the 
methods of references 7 and 9. An indication of the 
leading- and trailing-edge flap settings for best perfor- 
mance were developed with the method of reference 7 to 
determine an optimum camber surface for the required 
takeoff and landing lift coefficients on “restricted areas” 
of the wing that represent the flap locations. From these 
results, actual flap deflections were chosen, and a matrix 
of flap settings surrounding these initial deflections were 
analyzed with the method of reference 9 to develop a 
family of trimmed polars. For takeoff, schedules for both 
leading- and trailing-edge flaps were developed from the 
matrix of trimmed polars. For landing, a constant 
leading-edge flap deflection was chosen and a trailing- 


edge schedule was developed. The takeoff and landing 
polars are shown in figure 9, and the flap schedules are 
shown in figure 10. 

Maximum Lift-Drag Ratio 

Figure 1 1 shows the maximum trimmed lift-drag 
ratio plotted against Mach number at 30000 ft and 
50000 ft, which are representative of subsonic and super- 
sonic cruise altitudes, respectively. The maximum ratios 
vary from 16.4 at Mach 0.93 to 1 1.3 at Mach 1.6 

Propulsion System and Integration 

The engine is a nonafterbuming turbine bypass 
engine (TBE) deck developed by NASA. The TBE is 
essentially a turbojet with a valve that allows compressor 
discharge air to bypass the primary burner and the tur- 
bines. As the engine power is reduced, the amount of 
bypass air decreases; thus, the inlet airflow remains con- 
stant and reduced spillage and boattail drag result. The 
overall pressure ratio, which is dictated by the maximum 
allowable compressor exit temperature, the maximum 
turbine inlet temperature, and the propulsion system 
weight (ref. 1 1) are consistent with the service entry date 
of 2005. The aggressive application of advanced materi- 
als and component technology utilizing ceramic and 
composite materials will be necessary to make this possi- 
ble. Customer bleed and power extraction are 1.0 lb/sec 
and 200 hp, respectively. The Navy/NASA Engine Pro- 
gram (ref. 12) combined with an installation module 
based on reference 13 was used to predict installed pro- 
pulsion system performance. Figures 12 and 13 show the 
installed propulsion system performance characteristics 
for various altitudes. The effect of inlet spillage and noz- 
zle boattail drags is included in the data. The installed 
engine weight based on 41000 lb of thrust at takeoff is 
8146 lb each. The engine thrust-to- weight ratio (77 W0 is 
5.03. The inlet is an axisymmetric, external compression, 
translating centerbody inlet, and the nozzle is an axisym- 
metric, mixer-ejector nozzle designed to entrain external 
air to reduce noise during takeoff by 20 dB. This level of 
suppression is assumed to satisfy FAR Stage III noise 
requirements. However, achieving this amount of noise 
reduction and still maintaining a high cruise thrust coeffi- 
cient will be a challenge. The engine nozzles are 
deflected downward 5° so that the gross thrust vector 
develops a lift component and minimizes moment 
changes with thrust level. The scaled nacelle and engine 
geometry is shown in figure 14. 

Mission Performance and Sizing 

The estimated vehicle performance and the results of 
sizing the wing area and thrust for minimum TOGW are 
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Table 3. Mission Summary 

[Design range, 6500 n.mi.; flight time, 456.6 min; block time, 7.88 hr; block fuel, 309797 lb] 



Initial 

Fuel, lb 

Time, min 

Distance, n.mi. 

Mach number 

Altitude, ft 

Segment 

weight, lb 

Segment 

Total 

Segment 

Total 

Segment 

Total 

Start 

End 

Start 

End 

Taxi out 

591574 

1072 

1072 

10.0 

10.0 







Takeoff 

590502 

606 

1679 

0.9 

10.9 



0.300 


0 


Climb 

589896 

38553 

40232 

35.9 

46.8 

345.8 

345.8 

0.300 

1.600 

0 

46376 

Cruise 

551343 

264873 

305105 

387.1 

433.9 

5921.2 

6267.0 

1.600 

1.600 

46376 

60004 

Descent 

286470 

4156 

309261 

33.6 

467.5 

233.0 

6500.0 

1.600 

0.300 

60004 

0 

Reserves 

282314 

34382 

343643 









Taxi in 


536 


5.0 

472.5 







Zero fuel 

247931 
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presented in this section. Schematics of the design mis- 
sion profile and reserve mission are shown in figure 15, 
A mission summary for the configuration is given in 
table 3. This mission includes the following: 

1. Fuel for 10-min warm-up and taxi out at idle power 

2. Actual fuel usage for takeoff to start of climb 

3. Time, distance, and fuel (TDF) for actual climb 
(minimum fuel to climb path) 

4. TDF for cruise at best altitude at Mach 1.6 

5. TDF for actual descent at maximum LID , idle fuel 
flow 

6. Reserve fuel allowance (no range credit) includes 
the following: 

Missed approach 

Climb to reserve cruise condition 

Cruise at Mach 0.9 and best altitude 250 n.mi., 
including climb and descent 

Hold for 30 min at Mach 0.6 and best altitude for 
minimum fuel flow 

Actual descent from hold condition at maximum 
LID ratio, zero thrust 

Additional fuel reserve allowance is 5 percent of 
trip fuel (events 3 to 5) 

7. No time, fuel, or distance credit or penalty for 
approach, landing, or taxi in 

Figure 16 is a sizing diagram developed for this con- 
figuration with FLOPS. All potential configurations rep- 
resented in this design space meet requirements of the 
6500 n.mi. mission. The minimum gross weight configu- 
ration meeting all mission constraints weighs 574000 lb 
and has a wing area of 7300 ft 2 with an engine thrust 


level of 38000 lb. This configuration is sized by the take- 
off field length of 1 1 000 ft and fuel volume limit. Expe- 
rience has shown that approximations in the sizing 
equations make it difficult to reliably size the configura- 
tion over a large range to meet minimum constraints. The 
statistical methods used to scale fuel volume lack suffi- 
cient sensitivity to reliably scale over large changes in 
wing area. Although the redesigned configuration with a 
smaller wing area would have a lower cruise altitude, the 
baseline configuration with 8732 ft 2 and 41000 lb thrust 
is considered an acceptable vehicle with a gross weight 
of less than 3 percent over the theoretical minimum 
shown in figure 16. This baseline configuration yields a 
takeoff thrust to weight ratio of 0.277 and a takeoff wing 
loading of 67.8 lb/ft 2 . The larger wing area of the base- 
line leaves a reasonable c.g. margin for trimming during 
takeoff and some flexibility as to where fuel can be 
placed in the configuration. The larger engine thrust level 
allows extra margin on takeoff field length which, in 
turn, may allow advanced takeoff procedures to be used 
for further noise reduction. As more accurate low-speed 
aerodynamics become available and the moment center 
can be more precisely defined, the sizing of the baseline 
can be reevaluated. 

Resizing 

The utility of the baseline configuration to evaluate 
the effects of technologies on a Mach 1 .6 configuration is 
shown in a typical resizing exercise. The propulsion 
experts in the HSR Program during the design cycle of 
this baseline reevaluated the level of technology that 
would be available for a vehicle with a service entry date 
of 2005. It was concluded that the original engines used 
for this baseline would not provide the service life 
required for commercial use. Therefore, an alternate 
engine was designed to provide a projected life of 
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9000 hr for the hot rotating parts and 18 000 hr for the 
rest of the engine. This requirement results in both an 
increase in weight and a decrease in efficiency. The stan- 
dard day performance characteristics of this alternate 
engine are shown in figures 17 and 18. The effect of 
these alternate engines on the current design can be 
shown by resizing the configuration with the new 
engines installed. The greater fuel bum and heavier 
weights of these engines are the main reason for the 
increased vehicle weight. As shown in figure 19, the 
wing area and engine thrust increased over the minimum 
takeoff gross weight configuration primarily due to the 
poorer performing engines. The resized configuration 
has a wing area of 7700 ft 2 and 41 500-lb-thrust engines. 
The 650672 lb TOGW is an increase of approximately 
58700 lb over that of the original configuration. 

Concluding Remarks 

A baseline Mach 1 .6 high-speed civil transport con- 
figuration was developed as the lowest cruise Mach num- 
ber of interest for a family of baselines in support of the 
NASA High-Speed Research Program. This lower Mach 
number would allow cruise at lower altitudes where the 
effects of engine emissions on the ozone layer are pro- 
jected to be smaller and where sonic boom alleviation 
may be more readily solved. The availability of compos- 
ite materials capable of handling the lower skin tempera- 
tures should allow for the earliest possible service entry 
date. 

Details of the configuration development, mass 
properties, aerodynamic design, propulsion system inte- 
gration, mission performance, and sizing were presented. 
The configuration is unblended with a relatively simple 
planform and has four engines mounted in separate axi- 
symmetric underwing nacelles. The vehicle is designed 
to carry 250 passengers a distance of 6500 n.mi. with 
reserve fuel. The intentionally simple layout is intended 
to facilitate system studies investigating the effects of 
applying advanced technologies to the baseline concept. 

The planform has been designed to minimize super- 
sonic drag due to lift and wave drag while maintaining 
good low-speed characteristics. The flap arrangement 
includes trailing-edge flaps on both inboard and outboard 
portions of the wing and leading-edge flaps on the out- 
board portions only. This arrangement minimizes weight 
and complexity while providing adequate lift for takeoff 
and landing. 

Advanced composite materials used in conjunction 
with innovative structural designs were used to reduce 
weight. Systems integration including synthetic vision 
for the cockpit and the use of electric actuators for the 
control surfaces also helped reduce weight. Weight fac- 
tors that reflect these effects were developed with the 


help of discipline expens at NASA Langley and NASA 
Lewis Research Centers. 

The engine used in the development of this configu- 
ration is a turbine bypass engine defined by NASA. The 
aggressive development and application of advanced 
ceramic and composite materials and their utilization in 
engine components is necessary to help meet weight and 
performance goals. An effective mixer-ejector nozzle 
capable of 20 dB suppression is critical to the viability of 
the turbine bypass engine. Any substantial reduction in 
the suppression level would require oversizing the 
engines to meet community noise regulations and would 
severely impact the aircraft takeoff gross weight 
(TOGW). 

The baseline configuration has a wing area of 
8732 ft 2 and a TOGW of 591570 lb. The four advanced 
turbine bypass engines each have 410001b thrust and 
weigh 81461b. The takeoff thrust-to- weight ratio and 
wing loading are 0.277 and 67.8 lb/ft 2 , respectively. 

A resizing of the baseline configuration with an 
engine that has the projected life for commercial use on a 
vehicle with a service entry date of 2005 was also per- 
formed. The resized configuration has a wing area of 
7700 ft 2 and 41500-lb-thrust engines. The 650672-lb 
TOGW is an increase of approximately 587001b over 
that of the original configuration. 

NASA Langley Research Center 
Hampton, VA 23681-0001 
December 2, 1994 
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Reference Wing 


Exposed Wing 
— Side of body (ref.) 



Component 

I 

2 

3 

Total 

Wing area, ft 

5832.7 

1684.0 

1216.12 

8732.9 

Aspect ratio 

0.45865 

0.60862 

2.45235 

2.19175 

Taper ratio 

0.483983 

0.430204 

0.407452 

0.084836 

LE sweep, deg 

71.75 

71.75 

47.75 


TE sweep, deg 

0 

22.5 

22.5 


Span, ft 

51.722 

32.014 

54.612 

138.35 

Root chord, ft 

151.98 

73.56 

31.64 


Tip chord, ft 

73.56 

31.64 

12.89 


c , ft 

117.31 

55.38 

23.58 

92.32 

e v ft 

Length, ft 

11.43 

6.94 

11.73 

21.43 

169.92 



Figure 2. Configuration planform definition. 
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Figure 3. Interior layout of fuselage. 
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Net thrust, lb 




Inlet length = 8.48 ft 


Engine length = 7.97 ft - 
Total length = 24.93 ft - 


Nozzle length = 8.48 ft 


Figure 14. Nacelle and turbine bypass engine geometry scaled for 41000 lb installed net thrust (takeoff). 
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Cruise 


Climb . 


Descent 


Main mission 


Takeoff 


Taxi out 


Taxi in 


-6500 n.mi.- 



Figure 15. Profile of design and reserve missions. 



Figure 16. Sizing diagram for Mach 1.6 configuration. 


18 
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Figure 19. Sizing diagram for minimum TOGW configuration with alternate engines. 
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